Nuclear pore complexes (NPCs) are 110-megadalton assemblies that mediate nucleocytoplasmic transport. NPCs are built from multiple copies of~30 different nucleoporins, and understanding how these nucleoporins assemble into the NPC scaffold imposes a formidable challenge. Recently, it has been shown how the Y complex, a prominent NPC module, forms the outer rings of the nuclear pore. However, the organization of the inner ring has remained unknown until now. We used molecular modeling combined with cross-linking mass spectrometry and cryo-electron tomography to obtain a composite structure of the inner ring. This architectural map explains the vast majority of the electron density of the scaffold. We conclude that despite obvious differences in morphology and composition, the higher-order structure of the inner and outer rings is unexpectedly similar.
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N uclear pore complexes (NPCs) are the major mediators of nucleocytoplasmic exchange and are of fundamental importance to all eukaryotic cells. Alterations of the nucleocytoplasmic transport system have been linked to various types of cancer, autoimmune diseases, and aging (1, 2). Experimentally testable structural models of the vertebrate NPC could provide a mechanistic basis for understanding clinically relevant mutations. Generating predictive structural models, however, is extremely challenging because of the size and intricate composition of the NPC (3). Nucleoporins (Nups) preassemble into several distinct subcomplexes, which oligomerize to form an eightfold rotationally symmetric structure. Many intra-subcomplex interactions have been biochemically and structurally characterized. In contrast, the weaker intersubcomplex interactions have remained poorly understood, mainly because of their instability ex situ. To overcome this hurdle, it has been essential to combine biochemical and classical structure determination methods with in situ structural analysis and integrative molecular modeling (4) .
Previous studies revealed that 16 copies of the Y complex (also called the Nup107 complex or Nup84 complex in fungi) form a reticulated doublering arrangement within both the nuclear and cytoplasmic rings (4) . However, our understanding of how the inner ring (IR) scaffold is assembled in situ has been sparse. The Nup93 and Nup62 complexes-composed of Nup62, Nup58, and Nup54 and Nup205, Nup188, Nup155, Nup93, and Nup53, respectively-have been shown to localize to the IR (Nic96 and Nsp1 complexes in fungi; fig. S1 ) (5) . More recently, it has been shown that Nup205 binds to the IR complexes mutually exclusively with respect to its homolog Nup188 (6) and also interacts with Nup98 (7, 8) . Most domains of Nup93 complex members have been analyzed by x-ray crystallography (4) , and some of these show homology to Y complex members. A tomographic study (9) revealed possible locations of 32 copies each of Nup155 and the large N-terminal domain (NTD) of Nup205 or Nup188 ( fig. S2) (10) . However, various other components-such as Nup93, the Nup62 complex, and the C-terminal domains (CTDs) of Nup205 and Nup188-remained unassigned and left large patches of the observed electron optical density unexplained.
Recent studies structurally and biochemically analyzed the Nup62-Nup58-Nup54 heterotrimer (8, 11) , the CTD of Nup205 (8), and interactions between the Nup62 and Nup93 complexes (7, 8) .
In this study, we fitted all of the available structures into the tomographic map of the IR (9), in consensus with the well-established domain connectivity, interactions, and symmetry that have been observed by means of cryo-electron microscopy (cryo-EM) (details are provided in fig. S2 , database S2, movies S1 to S3, and the supplementary materials). We found that 32 copies each of Nup205 or Nup188 (10), Nup93, Nup155, and the Nup62 complex fit seamlessly into the IR (Fig. 1, A and B, and fig. S2); another 16 copies of Nup155 connect it to the outer rings (9) . The asymmetric unit of the IR is composed of four core modules. Each core module contains one copy of the aforementioned Nups. The inner and outer copies of the core modules are rotationally shifted with respect to each other and have slightly different conformations, but they engage in identical intrasubcomplex interactions (Fig. 1C) . They form heterotypic inter-subcomplex interactions and oligomerize into four horizontally stacked rings. Each ring contains eight core modules. The inner and outer pairs of the core module are symmetric with respect to the nuclear envelope plane (Fig. 1C) . These architectural principles are unexpectedly similar to the Y complex of the outer rings (9, 12, 13) , highlighting a potential evolutionary relationship. An obvious difference is that the inner copies of the IR core modules form a C 2 symmetric interface with each other, whereas the outer rings are spatially separated.
A further-refined tomographic map of the IR solidifies the assignments ( fig. S3 and database S2) . It resolves the subdomain structures of Nup205 and Nup188 and the asymmetric features of Nup93, and it facilitates an unambiguous determination of the orientation of those proteins that could not be positioned previously (9) .
Next, we generated spatial restraints by using cross-linking mass spectrometry. We affinity-purified Nup205-Nup93 complex ( fig. S4 ) and Nup62 complex from human cells and reconstituted a complex in vitro, which consisted of the fungal orthologs of Nup205, Nup155, Nup93, Nup53, and Nup98 ( fig. S5 ), as previously described (7). Spatial restraints were combined and mapped onto human proteins where necessary ( Fig. 2A and fig. S6 ). Our composite structure is consistent with most of the spatial restraints (table S1), and the cross-links confirm several of the key features (Fig. 2, B to D) . The very few cross-links that are violated in the structure are well in line with the false-positive discovery rate of cross-linking mass spectrometry. They may also arise from conformational heterogeneity due to the ex situ cross-linking (table S1 and figs. S4B and S7). We systematically validated our model by imposing biochemical restraints that were generated by several previous studies. We extracted 89 restraints from 35 publications and found strong agreement with our composite structure (table S2). To assess whether the available data could converge into alternative configurations of the IR structure, we used the Integrative Modeling Platform software suite (14) to set up an unbiased computational modeling approach that takes into account the matching of the high-resolution structures with the tomographic map, the cross-links, and domain connectivity. A set of seven top-scoring solutions were highly similar to the composite structure ( fig. S8A ). We therefore conclude that our composite structure is an objective and robust representation of the IR architecture. It is also in line with independent analyses of stoichiometry (15) and spatial proximities (16) .
Nup155 is homologous to Nup133 and Nup160 of the Y complex, whereas Nup93 is homologous to Nup107 and Nup85 of the Y complex (17) (18) (19) . The interface of Nup133 and Nup107 (13) also seamlessly superimposes with that of Nup160 and Nup85 ( fig. S9) (20) . In our blueprint of the IR architecture, Nup155 and Nup93 are similarly positioned (Fig. 3, A and B, and fig. S9 ). A potential direct interface between Nup155 and Nup93 would have to be much weaker than its outer ring counterparts, because it has escaped biochemical characterization. However, it would be in agreement with the high sequence conservation of the respective surfaces (figs. S9C and S10) (19, 21) and the observation that the CTD of Nup93 is necessary and sufficient for the assembly of the NPC scaffold (22) . Complex formation is strengthened in the presence of Nup53, as reported by various studies (table S2) . This structural signature reoccurs throughout the inner and outer rings and directly engages with the membrane through the b-propellers of Nup160, Nup133, and Nup155, thereby forming a membrane-binding NPC coat (Fig. 3C) .
It has been previously assumed that the Y and Nup93 complexes are spatially separated into the morphological features observed with classical EM-namely, the outer and inner rings, respectively. Our analysis, taken together with previous work on the outer rings (9) , suggests that multiple copies of Nup205 or Nup188 independently bind to the coat of the NPC in both the IR and the outer rings (Fig. 3D and fig. S11 ). The Nup62 complex binds to this scaffold (Fig. 3D) , whereby short linear motifs in Nup53, Nup98, and Nup93 are important for the interconnection of subcomplexes (6) (7) (8) . Our composite structure of the IR explains both the bulk of the electron optical density observed in situ and the biochemical data. In the future, cryo-EM maps at subnanometer resolution will be required to enable flexible fitting of x-ray structures and to precisely determine the orientations of Nup53, Ndc1, Nup98, and the linker regions of Nup53 and Nup93. Intersubcomplex interfaces must be targeted by x-ray crystallography. Our model is suggestive of various such interfaces and will remain a cornerstone for further crystallographic analysis. It also highlights the anchoring positions of the intrinsically disordered Nup domains that facilitate the translocation of cargo, and it lays the foundation for understanding their spatial organization and functional role in healthy and diseased tissues. 
